Abstract: A high-order mode rotator based on a silicon-on-insulator strip waveguide with asymmetrical cross section is proposed and optimized to rotate the spatial distribution of the E 21 mode by 90°into that of the E 12 mode. The subscripts i and j of the mode E ij correspond to the number of lobes in the intensity distribution of the mode along the horizontal and vertical axes, respectively. The mode conversion efficiency and the corresponding length of the mode rotator device are presented as a function of design parameters for both the transverse magnetic (TM) and transverse electric (TE) polarizations. The fabrication tolerance of the structure is also analyzed. We further present simulation results of a two-mode multiplexing system based on E 21 and E 12 showing a mode extinction ratio exceeding 15 dB over a wide wavelength range of 100 nm.
Introduction
As the need for high-capacity on-chip optical interconnects is becoming increasingly critical, various kinds of advanced multiplexing techniques [1] have been proposed to solve this problem, including wavelength-division multiplexing (WDM), polarization-division multiplexing (PDM), spacedivision multiplexing (SDM), etc. For instance, dense WDM (DWDM) has been extensively utilized in optical fiber networks to multiplex tens of channels with different carrier wavelengths. However, for on-chip optical interconnects, integrating multiple laser sources is not an easy issue. Even if the sources are off-chip and light can be coupled to chips with fibers, precisely aligning and stabilizing the wavelengths can be very expensive and incompatible with mass production. Meanwhile, supporting a large number of laser sources is also power-consuming. Considering the cost associated to DWDM, coarse WDM (CWDM) may be a better option. However, being able to enhance the capacity of a single wavelength carrier [2] , for instance by employing PDM or SDM, will provide benefits at a limited cost since no extra laser sources will be needed. For silicon-on-insulator (SOI)-based planar integrated circuits (PICs), mode-division multiplexing (MDM) can extend the capacity beyond PDM since a larger number of spatial modes can be considered [3] .
For MDM, a mode multi/demultiplexer (MUX/DEMUX) is a key component. Numerous schemes have been proposed to realize SOI mode (de)multiplexers, such as those based on asymmetrical junctions [4] , multimode interference (MMI) devices [5] , asymmetrical directional couplers (ADCs) [6] and tapered ADCs [7] . So far, all the proposed schemes multiplex high-order modes whose intensity distributions have multiple lobes along the direction of the transverse plane that is parallel to the substrate but a single lobe along the direction orthogonal to the substrate [i.e., E ij modes with i > 1 and j ¼ 1, according to the mode nomenclature in [8] , as is shown in Fig. 1(a) ]. Therefore, the width of multimode waveguides is bound to increase rapidly as more higher-order modes are multiplexed, resulting in a relatively large footprint. The use of modes of the type E ij with i ¼ 1 and j > 1 would not only enable to further increase the capacity of on-chip MDM links while preserving their footprint, but may also find applications in 3D intrachip optical interconnections for multi-core processor architectures to enable mode coupling between waveguides in mutually perpendicular planes [9] .
Quite a bit of work has been carried out for vertical expansion of high-order mode field distributions on different integration platforms using low-index contrast stacked waveguides [10] - [13] , resulting in a large footprint and complexity in fabrication. Apart from these schemes, a mode rotator based on a planar lightwave circuit (PLC) with an etched corner has been proposed in [14] to perform the mode rotation operation converting the LP 11a mode into the LP 11b mode. The spatial distributions of the linearly-polarized (LP) modes (LP 11a and LP 11b ) of weakly guiding optical fiber devices are close to that of the E 21 and E 12 modes in rectangular waveguides. Another polarization rotator based on SOI nanowire with a similar etched structure has been proposed in [15] to convert the fundamental transverse electric (TE) mode into the fundamental transverse magnetic (TM) mode, which can also be regarded as a mode rotator in a general sense.
However, it is still an open issue whether it is feasible to implement mode rotation from the E 21 to the E 12 mode using etched structures on a SOI strip waveguide because of the large index contrast and therefore the strong mode confinement of the SOI platform, which is different from the case based on PLC [14] . In addition, it is difficult to excite the E 12 mode directly using an asymmetrical directional coupler-based multiplexer made from two waveguides with the same height [6] since the overlap between the fundamental mode with horizontal field distribution symmetry and the high-order mode, which has an antisymmetric distribution along the same axis, is zero. Consequently, excitation of the E 12 mode has not been reported so far on the SOI integrated platform.
In this paper, we propose a high-order mode rotator (MR) based on a SOI strip waveguide with asymmetrical cross-section which can perform rotation of either the polarization or the spatial distribution of a certain high-order mode, by carefully choosing the mode contents of the etched waveguide. The polarization rotation (PR) for the E 22 mode is shown as an example, indicating that the PR operation for the fundamental mode reported in [15] is applicable to high-order modes. Nevertheless, we emphasize in the paper the design and application of the 12 mode in a SOI strip waveguide, where x and y refer to the TE and TM polarizations. Numerical simulations show that a high mode conversion efficiency over 98% can be achieved. An analysis of the fabrication tolerance is also performed, which enables to choose the etching parameters according to practical demand. We finally design a two-mode (de)multiplexer based on the proposed mode rotator. ) shows the structure of the high-order MR. The proposed MR is composed of two straight waveguides with width W and height H, and a middle waveguide with an etched corner over a certain length L, which supports two orthogonal eigen modes (MR1 and MR2). These two modes have dark lines rotated by around 45°with respect to the y axis, as shown in Fig. 1(c) . As the light propagates along the z axis, the contributions of the initial field that couple to these two modes have different propagation constants, 1 and 2 , respectively, which will result in mode rotation upon coherent recombination at the end of the etched waveguide when E 21 mode is launched. By setting the length L to half the beat-length, =ð 1 À 2 Þ, the input E 21 mode is rotated into the E 12 mode. For the E 22 mode, the polarization rotation principle is similar, except that instead of MR1 and MR2, the two E 22 modes with optical axis rotated by 45°are recombined. In this paper, we assume that the proposed MR is based on SOI with a SiO 2 cladding to protect the waveguide. The wavelength is set to 1550 nm, and the refractive indices for the Si guiding layer and the SiO 2 cladding layer are 3.45 and 1.46, respectively.
Structure and Operation Principle

Mode Hybridization and Polarization Issue
For input and output waveguides with square cross-sections, the E 22 mode with TE polarization can be converted into the TM polarization and vice versa if the etching parameters are chosen properly, as is illustrated in Fig. 2(a) . It is noted here that for TM polarization the dominant component of the electric field is along the y axis (or vertical axis), while for TE polarization it is along the x axis (or horizontal axis). Simulation results show that a polarization conversion efficiency of 96% can be achieved with
Here, a 3-D vectorial eigen mode expansion simulator (FIMMPROP) [16] is utilized to obtain the output mode field distribution. However, in this case the E 21 and E 12 modes are hybridized and replaced by modes with spatially variant polarization, as shown in Fig. 2(b) . Therefore, to obtain a clear two-lobe pattern in the input waveguide of the MR and realize mode conversion from E 21 to E 12 , the symmetry inherent to the square cross-section of the waveguide needs to be broken. Fig. 2(c) deviate from pure TM or TE when W =H approaches 1, which corresponds to the previously presented spatially variant polarized modes. The design of the mode rotator therefore depends on the state of polarization of the input mode. First, the dimensions of the waveguide should be such that the relevant high-order modes are supported. Next, since the etched area scales with the cross-section of the input waveguide, smaller etching parameters would be required for waveguides with smaller cross-sections, which may not be feasible in fabrication. Consequently, we choose the waveguide height to be H ¼ 1 m, regardless of the state of polarization of the mode to be converted. As for the waveguide width, we need to avoid hybridization of the E 21 and E 12 modes and therefore choose W ¼ 0:9 m for TM polarization operation and W ¼ 1:1 m for TE operation. To verify the effectiveness of the proposed design, we analyze both polarizations. In Section 4, the scenario for TM polarization (denoted by superscript y in the following descriptions) is first discussed, and the results for TE polarization are also presented, following a similar procedure.
Design and Characteristics
In order to find optimal design parameters for the MR, the normalized overlap integrals of the input E y 21 mode with MR1 and MR2, which are denoted as O 1 and O 2 , respectively, are first calculated. The mode distributions are obtained from a finite difference method (FDM) mode solver. Fig. 3(a) shows the contour maps of the overlap ratio, 10log 10 ðO 1 =O 2 Þ (in black solid lines), together with the sum of the overlaps, O 1 þ O 2 (in blue dashed lines), as a function of the etching width ðw Þ and etching depth ðd Þ. A mode overlap ratio around 0 dB is required to equally excite MR1 and MR2. In addition, O 1 and O 2 should be both close to 0.5 so that the excitation of undesired modes is negligible, resulting in a sum of overlaps approaching 1. Therefore, combining these two rules together, a coarse selection of design parameters can be found in the shaded area shown in Fig. 3(a) . Meanwhile, the normalized overlap integrals of the fundamental mode with MR1 and MR2 are also calculated in this shaded area. In the process of exciting the input E y 21 mode, an asymmetrical coupler will be used, resulting in potential excitation of the fundamental mode along with the E y 21 mode, which constitutes a source of crosstalk in the waveguide. Fig. 3(a) specifies the optimum design window. Fig. 3(b) shows that the sum of overlaps of the fundamental mode with MR1 and MR2 are relatively small, compared with that of the E y 21 mode, which illustrates that the MR has little impact on the propagation of the fundamental mode.
Next the propagation constants of the two eigen modes of the etched section are obtained using a film mode matching (FMM) mode solver (from FIMMWAVE, Photon Design, U.K.), which is fully vectorial and semi-analytic [16] . The length L of the etched section is then determined so that it corresponds to the half beat-length. The length values are shown in Fig. 3(c) as a function of the etching parameters. As large etching parameters will cause mode field mismatch at the input waveguide, the difference between the propagation constants of MR1 and MR2 increases in this case, resulting in a relatively short device length. The input E y 21 mode is expected to be rotated into the E y 12 mode after propagating through the etched section over this length. Then we introduce the mode conversion efficiency (MCE) to characterize the quality of the mode rotation operation. The MCE is defined as MCE ¼ P 12 =P 21 , where P 12 and P 21 are the power levels of the output E y 12 mode and input E y 21 mode, respectively. A 3-D vectorial eigen mode expansion simulator (FIMMPROP) [16] is used to calculate the mode conversion efficiency for the parameter range corresponding to the shaded region in Fig. 3(a) . The results are shown in Fig. 3(d) , where a large region with MCE greater than 90% can be found. Apart from MCE, the device length is also a key parameter that should be considered. As can be seen in Fig. 3(c) and (d) , there is a trade-off between a short device length and a high MCE. Thus, one should take both into consideration when choosing the optimal parameters. In addition, there is another trade-off between the MCE and the fabrication tolerance. As the MCE increases, the contours gradually become dense in the dimension of etching width, indicating that the fabrication tolerance becomes tighter. In most cases, an MCE over 90% is acceptable. If an MCE of 98% is desired, which can be obtained according to Fig. 3(d) with an etching width of 0.04 m and an etching depth of 0.54 m, the tolerance will be 20 nm for the etching width and 150 nm for the etching depth, respectively, and the device length is around 70 m. However, if the desired MCE can be decreased to 95%, an etching width of 0.09 m and etching depth of 0.38 m are suitable, the tolerance will be 60 nm and 100 nm, respectively, and the device length is around 30 m.
Depending on the required device performance, expressed in term of MCE, the etching parameters can be chosen accordingly. The existing electron beam lithography with 10 nm resolution is sufficient to reach the requirement. Fig. 4 For TE polarization, similar results, which are shown in Fig. 5 , can be obtained following the same procedure. As expected, the dependence of the optimum length and MCE on the etching parameters are different compared to the TM case. A small etching width and large etching depth are required for TM polarization, while it is the other way round for TE polarization. Similar trade-offs also exist among the MCE, device length and fabrication tolerance. For TE polarization, the tolerance is tighter with respect to etching depth. All these aspects indicate that the proposed MR is strongly polarization-dependent and that, since modes are converted without change of polarization, processing of the two polarizations should be performed independently when designing mode multiplexing systems.
Mode Multiplexing System Based on Mode Rotator
We design a two-mode multiplexing system based on the proposed MR for TM polarization with etching width of 0.04 m and etching depth of 0.54 m. and E y 21 mode, respectively. The transmission difference between the desired mode and the undesired mode corresponds to the mode extinction ratio, or crosstalk, from the other channel. A crosstalk exceeding 15 dB is obtained for these two channels over a wide wavelength range of 100 nm.
Conclusion
In this work, we have extended the design of polarization rotators using etched waveguides to a multimode waveguide that supports modes with different polarizations as well as various spatial distributions. Mode conversion of the E 22 mode has first been presented as a demonstration of the polarization rotation function of this structure for a high-order mode. Then, exciting the E y 12
(or E x 12 ) mode in a multimode SOI waveguide by rotating the launched E y 21 (or E x 21 ) mode has been proposed and analyzed. Numerical simulations have shown that high mode conversion efficiencies (above 98%) can be achieved and that the etching parameters can be chosen depending on the target mode conversion efficiency. However, there is a trade-off among MCE, device length and fabrication tolerance. A high target value of MCE will result in longer devices for both TM and TE polarizations, along with a relatively tight fabrication tolerance in the dimension of etching width for TM operation, or etching depth for TE operation. As a concrete example of application, a two-mode multiplexing system is also numerically simulated, showing a mode extinction ratio exceeding 15 dB over a wide wavelength range of 100 nm.
